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AIJSTRA(T

“l’he ‘I’C)l’l:Xfl’C) SIiII)ON spac~craft  was Iaunchcd  on August 10, 1992. “l’his  paper will present data on the measured
performance of the A.W’lLA Star ‘Iiackcrs  supplied by 1 Iughes I)anbury Oplical SystcIlis  (1 llXX) for this satellite.

‘I”hc 1 II)C)S AS’I’IU Star ‘lfackcr is a charge coup]cd  dcvicc  (CXJJ), microprocessor based replacmnent  for the NA.SA
Standard ]~ixcd ]Icad Star -]iackcr. ‘1’hc position and magnitude accuracy of the star trackcrscomputcd  from rncasurcd
flight  data will be compared with ground n~casurcnmnts  and systcn]  rnodcls.

“I”hc. pcrfor!nancc of novel transient rejection algorithms implmcntcd  in tbc A.Sl’RA Star ‘Iiackcr which allows
uninterrupted operation in the South Atlantic Anonlaly(SM)whcrc  the sensor issubjectcd  to high proton flux lcvcls, will
alsc) IX prcscntcd.

1. him S1ON C)vt-xw hx%’

“1’hc ‘I’()]’};X.fl’OSl;  I])C)N rcnlotc sensing mission is a scientific program sponsored jointly by the lJ.S. National
Ac.mnautics  and !lpacc  Administration (NA.SA) and the I:rcnch  (~ntrc  National d’l;tudes  Spatiales  (CNIS).  ‘1’his
LJ.S./l~rcr~ch project combines each agcncics  ocean rc.search activities. ‘]’hc ‘I”C)PIX  project is being  managed by tbc Jet
l’ropulsim  1.aboratory(JI’1,)  for the NA.$Aofficc  of Space Science and Application. CN1X’S”I6U1OUSC Space,  1,aboratory
is managing (hc POSIIII>ON project.

7’01’1;X/POSIH  IJC)Nisa dcdic.atcd  altimctrymission  that intrc)ducesmajor  advances in mcasurcmcnt  accuracyl.  It uscsa
state-of-the-art dual-frequency radar altimeter along with a n~icrowavc  radiometer for correction of the altimeter
rncasurcrncnts, and high-accuracy satellite orbit dcternlination using Global l’ositionirrg  Systcm (GPS) and
lJctcrn~ination of C)rbit Radiopositioning  Intcglatcd from Satellite. (l X)RIS) mcasurcmcnts.

‘I’OI’llm’CXJOIJON will incrcasc undcrstandingof ocean dyrlarnicsbycollccting  acctrratcand  Iongtcrm observationsof
the global sca lC.VCIS. The mission has been rdanncd for a three year life with a pcmiblc cxlcnsion  to five years. “1’hc
‘I ‘O]’]  iX/POS] H IX)N nlission will coordinate with two other major world research programs: “Ihc World Ocean
Circulation l~xpcrimcnt  (WOt3i) and thcqtopicxd  Ckcansand CHobalAtn~osphcrc  (1’OGA) program. Sorncof  thcrnajor
scicncc  goals of the mission arc the following:

● l>ctcrrnination of the general circulation of the ocean and its variability through cmnbiningsca  Icvcl  internal density
field mcasurcrncnts  of the ocean and models  of oman circulation.

● I)cscription  of the nature of om.an dynamics.

● Calculation of the transport of heat, mass, nutrients, and salt by the oceans.

● lnvc.stigation of the. geocentric ocean tides, and improving the knowledge of the rnarinc gcoid.

. Investigation of the interaction of currents with waves.

‘lIcsc goals, in turn, resulted in a set of scicncdmission  requirenicnts.  I“hc primary rcquircmcnt  bcinggcoccrrtri  cglobal
occansca lcvclmeasurcmcnts with a precision of *2.4 cm and an accurac-yof  ~ 14cm,  alonga fixcdground  track  .”1’hctr:icks
arc to be rcpcatcd  every tcn days for the duration of the mission, IIoth precision orbit dctcrrnination  (1’01)) and the
satellite pointing rcquircrncrrts were de.ri\cd fronl this priniary  rcquirmncnt.
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2, SATE1,I,ITK  DESCX1FI’1ON

}’airchild Sptce C’ompnywas sclcctcd  as the prime  cotitriict~r res~}onsiblc  for the ctcsip,n, dcvclo~)mcnt,  integration, test,
and launch  of the ‘I’C)l’l;Xfl’OSI:.lI  )C)N s:ttcllitc  uncfcr  contract  to Jp[.
‘l’he ‘I’c>I’};Xfl’c)  S];] I){)N satellite is an I;atth  pointirrg,  three axis body stabilimcl  s[mcccraft based on NASA’S

Multi-Mission %tcllitc (M MS) design, as illustrated in lip,. 1. ‘1’hc satellite is maintai]icd  in a ncar]y circular hi~h
inclination non-synchronous orbit as shown in ‘Ihblc 1. ‘I”his orbit wns sclcctcd  to minin~izc  the geophysical inlpact  on the
prccisiol]ort]it  detcrr]~inatior~.  Acllaractcristicof  thisort>iti  sits} lighra~liationc  oi~tcrlt.'li~cn surcatlcast  thrccycfirsoflifc,
the satellite had to bc designed to a 72 Krad total dose, with capability tc) rccovc’r fron)  highly probable single. event upsets
(SILU).  A contour map of the high cncr~ proton ftux cnvironrncnt  for the l’01’IWl’OSl  111 )ON is ShCNVn in I’i~. ?.

3. AI”I”I’llI])E  I) ETERhflNATJON ANI)  CC3NIROI,  SIJHSW1’Ehf

‘1’hc”I”OPI;~fl’OSI  [I]) C) NAttittrdc  ])ctcrminaticrn  and Control Subsyslcm  (AI)(X)  consistsof a mc)dular attitude control
subsystc.m  (MA(X)  module ancf digital  on-board computer (011(1). ‘1’hc AIX3 contains all cquipnlcnt required for
attitude stabilization,  acL1tlisitic)n,  dctcriI~ination,  anctcol~trol.  Iluilt-in  rcdur~darlqin  tl]c  A1)C~Sdcsigfl  l)rc)vicies  flexibility
in case of component failures.

A layout drawing of the I;airchild  MA(3 module is shcm’il  in l’ig.  3?. “l’he satellite attituclc  control ccluipnlcnt  consists of
four reaction whcc] fisscn~blics  (RWA),  four magnetic torque. bars (M-l’ll)  and attitucfc  thrusters. ‘1’hc attitude scnscm
consistsofa  dry rotor inertial rcfc. rcncc unit (I) RI RLJ-11),  twoscdid state. fixed hc.acl AS’J’l{ASta  r”liaclicrs,  one digital firm
sun sensor (l>}~SS),  twc) tri-axis  magnctorrmtcrs  (l’AM),  an cxlcmally mounted, nadir pointing, l;~rth sensor assembly
n]odulc  (l L$AM), and externally mounted course sun sensors. ‘1’hc  star tracfccrs  :ind the inertial sensor (l J1{l  RLJ-11)  are
mounted on a thcrma]ly and mechanically stable opticx]  bench.
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Table 1. TOPItX/POSEII)ON  Operational Orljit
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ALTITUDE 1334 kM

Y’ig.. 2. 7’01’1{X.f1’C)Sl  ;Il)ON  Star ‘Jiackcr  is required to operate in a severe radiaticm  e.nvironmcnt.

‘1’hc ‘I’C)I’ILW’C)SI  III>ON attitude cfc.termination  systcrn employs a stellar-inertinl technique. sirnilal  to the one flownon
previous MMS mis..ionss.  ‘l”he  high performance. inertial measurement dcvict, I> I{ IRIJ-11, is used for short term relative
attitude n~casurcrm.nts and the star sensor, or digitnl fine sun se.nsc)r,  provides periodic absolute nmasurcrmnt  updates.

An on-board six state Kalman filter rccursivc.  estin~atorprovidcs  estimates of the Wro drift rate and spacecraft attitude in
all axes.
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l:ig, 3. Pairchild’s  hlMS MAC” modu]c.

l;undamcntalpointing  rcquircmcnt  forthc satcllitcwascle.  firrcd  as the ability to point the satellite Y.-axis tothc local nadir,
as defined bya rcfcrcncc cl]ipsoid,  towithin O.OSO (O.OSO) contlol  (knowledge) lo accuracy.  ‘J’llisrcquircrl  le. nt was further
broken down into crroral]ocations forthc orbit dctcrmination, structural, andattitudc  error budgcts.’1Ablc2  provides the
normal mission rncdc attitude determination error allocations, and its brc.akdown  into internal Al )(3 comporwnts.

4. AS1”RA STAR TRACKER

“l”he  A%l’W Star ltacker,  developed by I1ughc.s  Danbury Optical Systems, is a CX3>, micropxoccwor based replacm-nent
for the NASA Standard ]:ixcd ] Iead Star ‘Iracker.  ‘l”hc  A%l’lm sensor uses a 256x403 pixel, RCA 504 CX3J array. l“his
thinned backside illuminated deviccprovidcshigh  quantum cfficicncyin  thcvisiblc range. A t}lerrl~oclectric  coolcr  is used
to rcducz CC3J  dark c.urrcnt.  ‘l’his is nccmsarysincc the dark current of the dcvicc  will rise over life in the. harsh radiation
cnvironmc.nt4.

“I’hc AS’l’ILAStar”Iiackcr is fitted with a wide field ofvicw(7° x9”), f/1.61 ens. ”l”he lcnsiscolorcorrcctcdto  reduce position
crrc)rduc  tostarcolor  temperature, In order tomcet thcaccuracyrcqu ircments  the lcnswasde.signecl  tcjminimi~.c  residual
gcomctricdistor  tion and tc)maintain  a constant spot size throughout the field ofvie.w.’l’hermal  stability of thclensccl]  and
focal  plane was also required to meet accuracy requirements. ])uc to the severe radiation crwironment,  radiation hard
glass was used to rc.dum radiation darke.r;ing of the glass OVC.I life.



Table 2. Attitude Dcterntination  Fm or I]udget
-. .—.. -— —— ———. . ..— .——

Roll

“--‘“”””--”  r- -” - -

Pitch
Error Source (rircscc  10) (arcsc-c  10)

Star 1.c)caticjn Uncertainty 4:ti”””” ‘“””” 4.0

Chrort)atic  Aberration I{rror 10.0 10.0

Knlmrr I;iltcr  Residuals 20.() 20.0

AS’l”RA  Optical Axis Uncertainty 5.() 5.0

‘Ibta] (Rss) 23.3 23.3

_.._ __-.-._l  . . . . —~uircmcnt -w--- I , 54.0— — .

xii
(nrcsec ICI)

4.0-

10.0
20,0

5.()

23.3

252.0

‘1’hc AS’1’RA  star sensor uscs a versatile 16-bit microprocessor. A software “state machine.” controls the. hardw:itc  and
software.required todrivc the C; CI), ~>rocc.ss t}~c{:{~l  Jclala,  a~]clpcrforlll  ctiagllostic  fur]cticJns.  Arllix[urc c~f hardware and
software is used to prcmss the Iargc anmunt of data gcrlcratcd  by the C(l) at the 10117 update rate. Correlated double
sampling,  analog-  to-digital  (A/f ~)convcrsic)n,  and hi@ pass filtcringa  rcpcrformcd in hardware.Acquisiticm and tracking,
ccnttoiddctcrn]  ination  andc.orrcction, dcbrisand  tlansicnt  event discrimination, and self-test functimrsarc  allpcrformcd
autonomously by the microprocessor reducing computational burden on the. host conl~)utcr.

S. SIJhl  hlARY  OF ON-ORBIT OPF,RA1’I ONS

On August 10, 1992  thcl’OI>I;Xfl>OSl  lll>(lNs:itclli  tcv’as launched from Kourou, l;rench  ~;uiana, atmar~~ an Ariarlc 42P
launch vchiclc.  “1’hc. sate.llitc achieved its propcrorbit ancl all ap}mndagcs,  antennae and solar array, clcplc)yed as planned.

}{ar]y in the. mission the cffcclsof the scvcrc  radiation cnviIc~nnJcllt  on the sensors aboard the satellite becarnc apparcnts.
On November 26, 1992. the. AS’I’ILA-l{Star 3tackcr cntcrccl  an anomalous mode and nolcmp.cr  tracked stars.1’his  anomaly
is discussed in more, detail  in the next section. It should bc noted  that duc to thcbuilt-in  rcdunclarrcyof t}lc. AI> CL$dcsi~rt, all
attitude determination rcquircrncnts arc still being met.

On l~cccn~bcr  & 1992 the initial systcm calibrations were complctcd  pcrlnilting,  the collection of accurate scicncc data.
lirrthcr  fine.  calibration of the attitude sensors iscontinuingon  a nonirltcrfcrencc  basis wittl  the collectic>n  of scicnccdatab.
On Dcccmber  16,1992 an adjustment to the nlagnitudc  thrcshcdd Icvcl  was irnplcmcntcd  which incrcascd the probability
of the O}]C identifying a star, this will bc discussed in mom detail later in the paper. on l:ebruary  26, 1993 the science
verification wc)rkshop complctcd  its favorable evaluation of systcn)  performance..

6. AS’1’RA-B  ANOh4Al /Y
On November 26,1993, after 108 days of satisfactory operation, the A..J”1LA-II Star “Irackcr c<ascd  to track identifiable
stars while passing through the South Atlantic Anomaly, After onc orbit of unsuccessful star identification cfforLs,  an
on-board failure detection and correction routine isucd an S1iU re.set command which initiated a star tracker self test
sequence, closing the shutter, turning off the thcr[noclcctric  cooler ~l”i;~) and pcrforlning various mcmc)ry  ancl logic.
checks.1’hc tracker failed tocxit thcself test scclucrrccand  rcn~airrcd  hutrg-upin  ashuttcr-closed,’I’i i~;-offmoclc. Onccthc.
shutter is closed, the tracker w~ill rcnlain in a perceived bright object (JK)) state and will queue further command inputs
until thcpcrccivcd ]]0 isgone.l’hcrcforc,  thc.onlycontrol available to ground pcrsonnclwasto i.s..ucadditionalS  IilJ1csct
commands (which initiated the }Iung-up corrcliticm)  or power cycle the tracker, an option considered to be of some.  risk to
futurcn]issionopcrations.Ancxtcnsivcrevie.wofprcand  post anomalydatawasc  onductcd  togaininsight into thcstatusc)f
the tracker, to dctcrminc  what caused the anomaly, and to assax  the probability of succms by power cycling or other
ground cnntrollcd  actions.

3’hc star tracker data available was initially limited to cmc saniplc  every four seconds. “I”hcrcforc,  most of the SW status
information output bythc trackcrat  a 10 IIz. ratcwas not availab]c  for analysis. Prior to the failure, the most useful data was
the background information, output as a result of a 110 search which is normally ccmductcd when attcmptingto acquire a
ncw star. l~igurc 4 provides the background data prior to ancl after the on-orbit anomaly. ‘J-hc total background, in A/f)
convcrtcrcounts,  is the sum of counts from 19S pixclsin  a 13 x 15 pixclpatch  which is used tc] detect a bright object. F’igure4
show a normal background of approximately 6000 to 8000 counts  prior to the anonialy  and an abnc)rmal background of
approximately 16000 to 18000 counts immediatc]yaftcr  the anomaly. lJporr receipt of the SI;U reset cmmr~and,we  sccthc
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l’ig. 4. I}cscription of conditions at time of failure.

~ff~clofthc. shutter  closin~and  an initially  pcrl~]cxing(wrorlg  l>olarity)exI>or~  cntial clrcay.  l~urthcrcvaluation  of CXII)dark
current noise and dark current variation with tc.mpcraturc.  (l~ig. 5) after the failure providccl cvi(icncc  that the Ccl) ancl
most of itssigrral  processirlgelcct  rc>r}i~wcrco  pcratingnor]~~:  illy. I Iowevcr,data  frorna moon passasc through the l~OVon
l>ccmnbcr  1, 1992 (J~ig. 6) provided the clue which led to an understanding of the failu~c mode.  Note that this n~oon
passage gcncratcs  lower background cxmnts than the abscncc  of the moon. ‘l’his  signature plus the invcr(cd  exponential
decay in l:ig. 4 and the 180° phase shift bctwccn  dark curlcrit and CCD tcmpcraturc  pointed to an inversion in the
proccssinp,of  CXII>data  ancl, ultimate.]y, the identification ofa rnodc.change inthc A/l Jconvcrieroutr,ut  as thccausc ofthc
anomaly.

“I?rc AI19048 A/T) convc.rtcr  can output data in onc of four modes depending upon the state of the NI ,INV and NMINV
inputs (as shown in ‘Ihb]c 3). ‘J’hc, AS’I”ILA star tracker hardwircs  the AlW048 to provide a binary output. At the. time c)f
failure, the A1)9048 switched to an inverted  offset twos complement output state which,  in addition to providing an
inversion, provides an offset of 127 counts.  ‘l-his cqi]ains  the inversion seen in the exponential decay when the ‘1’IK;  was
turned off, the 1800 phase, s}lift  in ccI>dark currcntwith ternpcrature.  variation, and the reduction in background counts
with moon pas..a~c.. It also cxplainswhythc  normal background lC.VC1  of = 6000 counts (33 counts/pixel) jumped to~ 18000
counts  (93 counts/pixe])  at the time of failure. C1-mfirrnation  of this analysis was reccivcd on January 3, 1993 when a
brightc.r  nm.on passage took place (l~ig. 7) resulting in:

● ‘I”hc.  cxpcctcd reduction in counts as the nioon illuminates the 13 x 1S background patch of the (XH>.

● C@cning of the shutter when the count is low enough to indicate no 110 is present,

● lkccution  of a I’I;C-on command in queue, the cool-dovm  of the (X:1),  and an inverted profile of dark current
reduction with {Z]>  tcrupcraturc change.

● Closing the shutter duc to a pcrccivcd 1]0 as the rncmn transitioncd the I~C)V and the input to the A./I)  converter
cxcccdcd 1 volt.
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l;ig. 6. lkilurc.  rnodc breakthrough.
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9750  C O U N T S ,  S H  OPENED FOR 49
SLCONL)S

C O M M A N D S  IN QUEUE  WEF{E  EXECUTfD

(IEC  ON)

SH CLOSED - PROE6ABLY  DUE TO A/D
ROLLOVER AND BACKGROUND >39000

CNI S

CCDCOOLED  TO SET POINI  ( - l ° C )

C}IANGE INCCD  1,,~ AS EXPECTED

F’OWERSUF)PLYTLMPERATUREINCREASE[)

3“CREFLECTING ADDEDTICPOWE:R 1.C)AD

lJig.7.  llrightmoon  passagccmdayO03 confirmstheory.

Atthistimcthccauscofthc  anomalyrcmainsunknown.Arandompart  failumispossiblc.  Ilowcvcr,thccoincidcncc  ofthc
failulewitha l~minutc passthroughthc.South Atlanticanomalyalsopoints toapossiblcsingle cvmrtlatch-up(SIH  .)ofa
non-destructive nature.}~causc the A/I) ccmvcrtcr  continues to output  correct data but inthc wrong format, thcrcis
strong support for an attenlpted rCCOVCIy t,y power cycling. JPI%  1’C)P}X Prc)jcct  C) ffice is currently evaluating the risks
associated with powcrcyclingthc “B” star trackcr. At this time, successful operation of the n)ission continues usingthc  “N
star tracker and other scmsors for attitude determination.



7. ASTM-A PERFORMANCE ASSESSh~IWT

“Ihbk  4 lists the key pcrfcrrmancc  requirements for the A.%1’RA Star “Irackcrs.

All of the rccruircr:~cnts  abovcwcrcvcrificd durinp.the acceptance lcstin~of the A.S’1”ILAStar-1’rackcrs7  .’l’hcsc  rcsultswill
bc compared to cstirmrtcs  of the pc. rformancc  o~ the sensor based on ;n-orbit  data.

Table 4. Star Ikacker I’erforniance Requirenlellts
—.. —... —— -—— -——

Parameter ——-——.—-—— .
lJpdatc l{atc

10S Motion of Stars
Accuracy Relative to ]Ioresight
IIoresight Stability
Magnitude Ac~uracy at l]orcsight
Power
Weight
Radiation ‘lblcrant,  including proton events—— _—

Rec[uirement (lleginrlil~ Ofi;fc)
10]17.
< 0.3 de~,Icc/second

16.6 amec 10 (rnv S GOV, -20° C, + 40°C)
< 120 arcscc peak (-20°C,  +40°C)

i 0.25 nlap,nitudc (n]v2 to 1NV5)
< 2.S watts (ycak)
< 20 It*
(See ScQ&n 7.3.—-— —-.. .—.. ..—. —

7.1. Accuracy with respect to boresight:  ground results
Sinccstarscnsor  data isuscd forattitudc  dctcrmination,pos  ition accuracy isoncof  thckcypcrformanccr  nctrics.  l;or the
NU’RA Star ‘Iiackcrs, accuracy was broken down into t&> components, boresighl  stability an(i accuracy with respect tc)
borcsig,ht.

l;rrors in the knowledge of the boresight  of the star tracker relative to the spacecraft rcfcrcncc coordinates will result in a
bias error in the rcportcdposition ofa star inspacccrafl  coordinates. Ilore.sight  errors can result from a number ofsourccs,
errors in the. knowledge of the star tracker mcruntingsurfaces  relative to the spacecraft coc)rdinatcs  and bias errors in the
star tracker reported position relative to the star tracker n~ountingsurfaccs..  l;ron)  the l’01’liX tclcmctrydata all that can
be dctcrn~incd  is the relative orientation of the attitude sensors with respect to onc another and wc cannot directly
dctcrminc the stability of the A..I’ILA bore.sight. “l-hc calibration and stability of the attitude sensors with respect to one.
another is discussed in rcfemxrcc 6.

Aon.rracywith  respect to borcsight  inc]udcsall  errors in the reported position of the star relative to the cstirnatcd  position
of the star with respect to the star tracker coordinate systcm.’l’hcsc errors can be divided into temporal errors and spatial
errors.’lbmporal crrorsare  dcfirred as the standard deviation of the reported position of a star image that remains fixed in
star tracker coordinates. “Icrnporal  position errors are. usually referred tc) as Noise I;~uivalcnt  Angle (N}iA). Shot noise,
both from signal and background, and noise in the analog clcctronim  contribute to N1:.A.

Spatial errors can be broken down into high and low spatial frcqucrrq  components. 1.OW spatial frequency crlors arc
usually systematic errors that can be calibrate.d and corrected. For exarnplc, error in the knowledge of the g,eornctric
cffcctivc  focal length of the scnsorwill  rcsult  in a plate scale (magnification) error. ]Iigh spatial frequcrrcycrrors  mn have
both randon~andsysten~  aticcomponentsand ingcneralcannot  bccalibrated,  Uorcxarnplc,  randornnonuniforrnit  ics in the
CC1> rcsponsivity  and systematic quantization errors cxmtributc  to the high spatial frequency error of the sensor.

};igure  8 showsa typical vcctorplot  of the residual errors rncasured  during the A..1”RA-A Star Trackcr acceptance testing.
‘l”he outer box indicates thcbounds of the field  ofvicw,  7° x9 °.1’heerror vcctorsaremagnif  icdand the “IV shapcdsymbol
in the upper left corner provides the scale, 10 arcsecper  axis. l>uring,  this test the star tracker was mounted in a two-axis
gimbal which allowed us to position the star image. throughout the total field of view. I“hc gimbal would stop and 100
sarnplcs  of trackerdatawas  collected at each position in the “rastc.r”  pattern.’I’his allowed us to measure the N}iA at each
field position and decouple the spatial and temporal errors. A$ can be seen from the vector  plot, there was some residual
plate. scale error in the AS’I’lLA-A  tracker rcsultingfror-n  a minor rework of the. focal plane after the sensor was calibrated.
“l%c residual error in the plot shows< 6.5 arcsec  lcr per axis spatial error, and <5.0 arcscc 10 pcr axis N]{A.
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l;ig. 8. Position accuracy:  g[ound test results.

‘l”he A..-J{AStar”l  kackerswscrcrc  extcnsivclytcstc.d  during acceptance. All accuracy tests  were performed in vacuum overa
tcrnpcraturc range from -20” C to4E)°C.  Apolychromaticsou rccwasuscd  toprovidc  a rcalisticsimu]ated  star  in~agcduring
performance testing.1’hc measured accuracy with respect totmrcsight, over all test cnvirorrn~cnts,  was <12.5 arcsec lc~pcr
axis.

7.2, Accuracy with respect to boresight:  oy,-orbit results

In order to dctcrminc position accuracy a reference is required against which to cmnparc  the nwasurcd on-orbit data. A
direct me.asurcnmnt  of the absolute position ofa star with respect to star tracker ccmrdinatcs  is not available. In order to
obtain an estimate of the actual position of a star, data from the. star tracker, digital fine sun sensor and the inertial
reference unit arccombirrcd  overa period of tirncand  anoptirnal post-facto estimate of the star position is found. In order
tocombincdata  fromthc  diffcrcntattitudc  scnsorxthca  lignrncntbctwccn  the sensors must bcknown and thcgyrobiasand
drift rates must alsobc cstirnatcd. l~igurc  9showsthcrcsidual  crlorsbctwcen a post-facto cstirnatcof thcstarposition and
the reported position of the star for a typical orbitb. It should h. noted that this data includes errors  in the post-facto
estimate; no attempt has been rnadc to dctcrminc  the magnitude of this error at this time. A cmrscrvativc  cstirnatc  of the.
peak position error based on this data is < 40arc.scc.  At this time no attempt has bc made to break the error down into the
temporal and low/ high spatial frequency components.

73. Magnitude bias errors

l%ors  in the reported rnagnitudc ofa star can bc divided into bias errors and stability errors over the sensor fic]d ofvicw.
‘l”hcstartracke.  rcannotdctcrrninc  thccolorofastar  so it rcportsthc.  instrument rnagnitudcof  the star which isindcpcndcnt
of colors.  In order to ~nlputc the instrument magnitude of a star one needs to know the spec[ral response of the
instrument, the spectral irradiancc of the star, and thcspcctra] irradiancz of the “zero point” star. IZrrors  in the knowlcclgc
of the relative spectra] response of the. star tracker or in the relative spectral irradiancc of a star will result in color
dcpcndcnt  rnagnitudc  bias errors. Errors in the knowledge c)f the absolute spectral response of the tracker or in the
absolute irradiance  ofa star will result in color independent bias  errors. ”llc  A%’I’ILi Star -Irackcris  required to track stars
over a wide dynamic range. 31C response of the tracker Jxcornc.s  nonlinear at the. upper end of the dynamic rarrgc duc to
saturation of the 8-bit A./l)  converter and nonlinear at the. lower end due to truncation and threshcdding.  Ikrors in the.
calibration of these nonlinearitics  can result in magnitude dcpcndcnt bias errors. “1.hc cstirnatcd  bias error in the
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l;ig.  9. Position accuracy: on-orbit results.

I’01’}WPC)SI;IIX)N  Star “liackcr  was <0.17  magnitucic  bascci  on traceability of the radiometer back to the National
lnstilute of Standards and ‘Iechrrology  (NISI’) and other estimated calibration errors.

l:igurc  10showsthcmeann]agnitu  dccrrorand Iclmag,nitudcer  rc)rvcrsusmission day. l;2+ch point represents thcstatistics
for all thcstars the C)IIC identified for that day. LJpto mission clay 128, Ikcember  16,1992, rnanystarswerc  rcjcctcd hythc
star identification filtcrduc toa magnitudcbias error. ”l”hisskewed  thcstatistiesand initially raised some. concern since the
bias error appeared to be incrcasingas a function of time. C)n mission day 128, a 0.25 magnitude offset u’as applied. “l’his
increased the number of stars identified and included in the rnagnitudc  cr~or statistics.

Preliminary analysis of the data shows no correlation between the bias crlor and the color or magnitude of the star.
Magnitude trcndingccmtinucs  todctcrmirrc  if the bias crrc)r istimc cle.pcndcnt.  l’rior tothc anomalythc AW’l{A-Ilse.nsor
showed a similar bias error.q’his indicatcsa  systematic  crfor in the magnitude calibration of lhc se.nsc)rs.  ‘l’he  cause of this
bias error has not yet been identified.

7.4. Magnitude stability error

Magnitude stability errors include both temporal anti spatial components. “]kmporal  crlors lcsult  from shot noise, both
from signal and background, and from noise in the analogelcctronics.  Spatial errors canbc  brokcnintolowand  high spatial
frequency cmnponcnts.  Ovcr the sensor field of view the point spread function of the optics may charrgc  and nonlinear
effects discussed earlier, saturation, truncation, and thrcsholding  may cause field dependent variatic)ns  in the reporte(i
magnitude. ‘1’hcsc sarnc nonlinear effects can also cause magnitude variations which arc a functic)n c)f pixel phasing. ‘1’hc
pcrccnt  energy in a pixel  wilt change as the phasing, the positic)n c)f the ccntroid  relative to the. pixel ccntcr, changes.”l”his
can cause high spatial frcqucnq  variations in the reported magnitude with a spatial period of a pixel.

l;igure 11 shows the variation in thcrcportcd  magnitudcof a star asthc imagewasslcweda  cross thcdiagonal  of the field of
view at a line of sight (1 .0S) rate of 0.3 de.grce/second during acceptance testing. }~igurc 12 shows on-orbit data for a star
moving across the sensor field of view. It is clear that there is a systematic error in the rcporte.d  magnitude which is a
function of field position. l~icld  dependent errors appear to be the major stabiiity  crfor contributor. “llc  magtlitudc
dependency upon cnlumn position is not prcscnte.d  due to insufficient on-orbit data. IIowcvcr,  based upon ground test
data, it is believed to be simiiar  to the rowdcpenderrcyprcsentcd  in I’ig. 11. In addition, duc tociiffcrcnccs  inl,OS rate and
resulting image smear, the data prcscntcci  in I:igs. 11 and 12 arc not necessarily directly comparable..

7.S, Proton  rejection capabilities

The effects of radiation-induced noise events on the CCIJ must be addressed for a star scnsc)r to operate in a natural or
cnhanczd  radiation cnvironmcrtt,  A unique feature of the. A..”l’RAStar’1kacker  is its ability to operate in thcprcsence  of a
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large number of transient cvcntsg,  As stated earlier, Ihc q’OP};X/POSl;II>ON operational orbit is such that the satellite
must operate in the South Atlantic Anomaly (SAA) region for cxlC.lidcd  periods. In the. SAA, the flux of high energy
protons and electrons trapped in the l~kirth’s  magnetic fields increases by orders of magliitudc  as was shown  in l:ig. 2.
Charge.d particles interact c]ircctlywith  the CX3)pixcls,  causinga random series of ioniz.?tion  events.  “1’}ICSC  events can bc
localized to a fcw pixels or can rcsu]t  in long streaks, depending on the angle of incidcncc,  the CC]) geometry, and the
partic]c’s  cne.rgfl~.

‘Jiansicnt cvcntscan  degrade a star trackcr’spcrformance  in a number of ways. l>rrringacquisition,  transient cvcntsn]aybc
falsely acquired or may impede the acquisition of a valid star. IJuring track, transient events can corrupt Positic)n  and
magnitude data ormayrcsu]t inthe.  sc.nsor  dropping track cm a valid star, Amcthod to rcducc the impact of these c+wntson
thcscnsoropcration  isrcquircd  if thcsensoris toopcrate  ina high dcnsityprotcm  cnvironrncnl .’l’hcmost  obvious scdution
is to increase the shicldingaround  the CC3J to rcducc the number of events. 1 ]owcvcr, this mcre]yshifts  the energy of the
charged particles and will increase system  size and weight. A more elegant solution is the application of real-time
processing to reject these transient events.

I:or the. q’OI)IiXfl’OSI; IDONn~ission it was detcrrnincd  that the star trackcrmrrst  operate with up to 1S0 transient events

at the CC3> pcr frame. “1’hc systcm had to rncct  the followint,  requirements:

@ Acquire and track stars with up to 1S0 transient events per frame

. 955%0 probability of acquiring a valid star within 22 seconds

o ldcntify and alert host if data has been corrupted by a transient event.

In order to demonstrate the transient event rejection algorithms during accfptancc testing, a scene simulator wtis used,
I’hc sccnc simulator consisted of a Clt”l’ scrce.n and a collin~ator  which produced simulated star patterns along  with
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transicll( cvcnts.  ~"hcsinlulatorw,as  con~putcrdrivcn and[~rduccda  real-time, 101l~., input  tothcstartracke  r. Sceneswcrc
dcvclopcd  to test  specific cases and to provide statistical data.

“l’he  transient rejection algc)rithm  Ls based on the assun~ption  that the pc)sition and nmgnitudc of a star imag,c will change
systcnlatically  franlc to franlc,  where transient events arc conlplctciy random. Spatial and magnitude comparisons are
used [odctcrmirrc  ifan image isvalid.  ~’he. farlcftplot  on I;ig. 13showscffcctsof transicntevcntson  Ihc reported position
ofastar usingthc ,A.S’l’lWtransicnt  rejection algorithn~s.  ”1’hc ccntcr I)lot  shcw’sthc reported position with the magnitude
corrlparison  filtcrdisablcd. Note that the frcqucncyof  the errors and the magnitude of the errors incrcascs. -l”hc far right
plot showsthc reported position without transient rejection, the frcqucncyand mrrgnitudc  of the crrorsisgreatly  incrccrscd.

“I”hc following results were measured durin~ the acrtptancr  testing of the “1’01’1 IW1’0SIlIIX3N  Star ‘lkackers:

● No acquisition of transient events wc.rc observed

● Acquisition of valid stars within 7.11 scc average, 13.11 scc 30

. Succcssfu] identification of transient corluptcd  data

. No loss of track for valid stars.
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~climina~a~l~hof  theon~rbit  dauindiwtes  lbtthc A$[~SMr  TMdersuwssfully  aquiresand  tracbstirskthc
SM. NO ~domarrcz degyaclatjon or anomalies  of the star tracker has been observed w!rlle  o~raling  Ifs the SAA
Ilecctttly  “flex data fo~la;”  which allows  frame by frame anal)~is  of tbc star tracker te!emctry  data has been made
awilab[e.  ~urther work ~ required in order to quantify the performance of Ihc SUr tracker throughout the SM.

8. CONCLUS1ONS

● “1’OPEWPOSEIDON  nllssion  ~[titudc determination ohjcctivcs  are beiog met

● Position accuracy reported by the star {racker  is tcttcr than 40 aresec  ~ak

. Ma~i[ude  stability over the field of view is better than 0.22 magnitude SO

● Star tracker operates properly throughout SAA

● A!!.B is in an anomalous operating mode, potentially recoverable through powr-eycllng
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